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Introduction
Orion's reaction control system (RCS) consists of 16 25-lb f thrusters. The thrusters are arranged such that their impact on the solar arrays is minimized; however, the solar array wings (SAWs) are in the line of fire of the outer region of the aft RCS thruster plume flow field.
It should be noted that there are 24 RCS thrusters shown in figure 1 , but all analyses were performed using updated geometry that stipulates there are four RCS pod clusters each housing four thrusters (two pointed forward and two pointed aft) giving a total of 16 thrusters on the vehicle. RCS pod clusters are circled in red.
Plume impingement can cause Paschen discharges, chemical contamination, thermal loading, erosion, and force loading on the SAWs. These problems can cause degradation of the SAWs' power generation capabilities through electrical shorting, loss in optical transparency, increase in reflectivity of the cells' cover glasses, or overheating of the cells. All assessments in this paper were made assuming the wings were in their worst-case orientation, angled 45° toward the aft end of the spacecraft. This was considered the worst-case orientation because the solar arrays are physically limited from angling any farther back. Because of this assumption, all assessments should be taken as conservative.
Paschen Discharge
Paschen discharges are related to the theory of Townsend breakdown in gases. If a free electron is accelerated by an electric field and it acquires enough energy to ionize other neutral atoms that it collides with, these new ions will also gain energy from the electric field to ionize other atoms through collision. This starts a chain-reaction process called an avalanche. The free electrons can be liberated through collisions or photoionization. Photoionization occurs when radiation absorbed by a molecule has higher energy than the molecule's ionization potential. A Paschen discharge occurs when the ions interact with the electrodes on the SAWs. If ions come into close proximity to a charged surface on the solar array, arcing can occur (ref. 1) .
When a gas is incident upon a surface like a solar array, the breakdown voltage is based on two parameters: the pressure of the incident gas and the distance between electrodes on the solar array. Paschen curves (see appendix A) are graphs of breakdown voltage as a function of pressure multiplied by distance (P*D) and are available for various pure species. The curves can be used to predict whether a Paschen discharge will occur in a given charging environment. If the P*D value is far to the left or right of the minimum point on the Paschen curve, Paschen discharge is unlikely (ref. 2) .
Paschen discharges are being investigated for Orion's solar arrays, because the incident RCS plume applies a pressure to the array. If this pressure lies in the breakdown region for the voltages on the array, arcing could occur from cell to cell, between interconnects, from spar to cell, and from the array to space.
During a lunar mission, Orion's main charging environments are low Earth orbit (LEO) and geosynchronous Earth orbit (GEO). In LEO, Orion will be exposed to cold, dense plasma. Plasma interactions are well known in this environment, and assessments performed by Barry Hillard at the NASA Glenn Research Center (GRC) show that arcing in LEO is highly unlikely. In GEO, however, the interaction between Earth's magnetic field and solar storms can cause violent magnetic storms. Orion may experience a charging environment as high as 12,000 eV, although it should be noted that the thrusters will most likely not be operating during this time. However, differential charging of Orion's surfaces could occur while passing through GEO on the way to the Moon. Once in deep space, the environment should not charge to more than 200 V. Nevertheless, it is important to assess where the P*D value lies in relation to the Paschen minimum.
It should be noted that Orion solar array photovoltaic cell cover glasses will be coated with a chargedissipating indium tin oxide (ITO) layer to limit voltage excursions to acceptable levels in conditions as harsh as a solar sub-storm. The proper function of the ITO layer, however, could be compromised by plume droplet erosion. If the ITO layer is eroded away, the potential for electrical arcing becomes a real problem. The likelihood of field emission arcing without the presence of neutral species must still be addressed for the situation with a compromised electrostatic discharge layer. Plasma interaction facility ground-based testing with solar cell populated gore coupons is planned to quantify arcing characteristics for this case.
Chemical Contamination
Orion's RCS utilizes bipropellant thrusters; these thrusters use the hypergolic propellants monomethyl hydrazine (MMH) and dinitrogen tetroxide (N 2 O 4 ). RCS thrusters usually fire only in short pulses and generally never reach a steady-state operating condition while in pulse-mode. As a result, complete combustion of the propellants does not occur, and the thruster plume contains droplets of uncombusted contaminants whose main constituent is a compound called monomethylhydrazium nitrate (MMH-HNO 3 ) (ref. 3) .
If MMH-HNO 3 collects on the surface of a solar array, it will both reflect and absorb a portion of the incident solar energy, effectively preventing it from reaching the solar cells (ref. 
Thermal Loading
Solar cell characteristics change with temperature given the same solar input. In general, higher temperatures result in a lower power output. Past UltraFlex wing designs were qualified for maximum temperatures of approximately 160 °C; exceeding this temperature could cause catastrophic damage to the solar arrays. When the thruster plume comes in contact with the SAWs, it can transfer heat to the arrays, effectively increasing their temperatures. For this study, it was assumed that the 160 °C temperature limit could not be exceeded.
Erosion
The uncombusted droplets of MMH-HNO 3 can hit the surface of the solar arrays at velocities close to 900 m/s (ref. 5 ). Impacts at these velocities are similar to the impacts of micrometeoroids and orbital debris on solar array surfaces. The main concerns associated with droplet erosion are both the possibility for the removal of solar cell cover glass anti-reflective coating that can lead to wing power loss and the removal of electrostatic discharge coating that can increase the wings' susceptibility to arcing and solar cell damage. Particle impingement angle affects the amount of solar array surface erosion; particles with high angles of incidence to the solar array (> 75° off normal) generally bounce off the array without causing damage. Additionally, particles that are more than 30° to 40° from the centerline of the thruster plume do not cause damage to the solar array, because the mean diameter and flux of particles are much smaller in this region than near the plume centerline (ref. 6) . Current estimates at GRC show that if all the anti-reflective coating (MgF 2 ) is eroded away, the solar arrays will experience a 3 percent loss in current.
Force Loading
In the launch and space environments, force loading on the solar array can be caused by acceleration, mechanical shock, vibration, and acoustic fields. Extreme high and low temperatures can exacerbate the severity of the effects of these problems. Plume impingement induces both mechanical shock and vibration on Orion's SAWs. By definition, mechanical shock is a force that is applied suddenly and for short duration. When the RCS thrusters are fired, the SAWs may initially experience a deformation, and through damped harmonic oscillation, return to zero (ref. 7) .
Vibration becomes a problem if the plume induces a vibration on the SAWs equal to the fundamental frequency of the wings. This causes resonance, and if no damping is available, the amplitude of the system continues to increase, risking structural failure (ref. 7) . To minimize this risk, it is planned to prohibit RCS pulsed operation at or near the wings' fundamental frequency.
Methods

Paschen Discharge
To determine the likelihood of a Paschen discharge on the SAWs, the pressure flux diagram in figure  2 1 was used to estimate pressure across the surface of the SAWs. This diagram is for the worst-case array orientation (aft thrusters firing on SAWs angled 45° aft). The partial pressures of the plume gases were then multiplied by the distance between the solar cell and the cover glass-5 mils-in order to determine the P*D value (see appendix B). Then these values were compared with the Paschen curves in appendix A. This method was verified to be correct by Boris Vayner, a plasma physics expert at GRC.
Additionally, the calculation was also performed using the total pressure incident on each color contour, because in reality, the actual P*D value will utilize a pressure somewhere between the total incident pressure and the partial pressure of each individual gas. 
Chemical Contamination
To assess the amount of contamination on the solar array surfaces, several pieces of data were needed: a mass flux diagram, a plume sticking fraction, and total thruster firing time. The sticking fraction is the amount of plume mass that remains on the solar array divided by the total amount of incident plume mass. Based on the shuttle plume impingement flight experiment contamination studies, a sticking fraction of 0.00001 was used (ref. 8) . The diagram of mass flux per area in figure 3 was used.
The RCS thrusters are capable of a total firing time of 7,000 sec, 3 but in reality, they do not all fire for this amount of time. Additionally, although two aft facing thrusters from each pod are aimed at the arrays, only one of the thrusters should fire at a given time. To estimate the total firing time for the four thrusters that could impinge upon the arrays, it was assumed that a total of 636.4 lb m of propellant is available to all sixteen RCS thrusters. With four groups of four thrusters distributed evenly around the service module, 159.1 lb m of propellant is available to each RCS pod. Half of that propellant will be available to the forward thrusters and half to the aft; therefore, 79.5 lb m of propellant can impinge upon the arrays from one thruster pod. Hence, each thruster pod is capable of firing aft-facing thrusters for 874 sec.
By multiplying the mass flux per unit area by the thruster firing time and sticking fraction, the mass of the contaminant per unit area of each color contour on the mass flux diagram was found. Each of these values was multiplied by 2 to take into account that there are two thruster pod clusters that can impinge upon each wing. Using the doubled individual color contour values, an overall wing-averaged contaminant mass per unit area was calculated to be 2.3×10 -7 g/cm 2 . If the contaminant density is assumed to be 1 g/mL, the thickness of the contamination layer is 23 Å.
In order to determine the power loss resulting from the contamination layer, both an equation for transmittance of MMH-HNO 3 and a model of power loss as a function of transmittance were needed. To generate an equation for transmittance, the data in figure 4 was used because it shows the transmittance of MMH-HNO 3 as a function of both contaminant mass per unit area and wavelength of incident light (ref. 3) .
The contaminant mass per unit area, wavelength, and transmittance data from this graph were put in tabular form and inputted into JMP, a statistics program. Using JMP's nonlinear regression tool and builtin models, an equation for transmittance as a function of wavelength and contaminant mass per unit area was generated where σ1 = 1.89354907, σ2 = 49946.2662, and σ3 = .91526789:
A comparison between the experimental data and the equation-generated data is presented in appendix C and shows that the equation is a good fit for wavelengths of incident light from 300 to 1825 nm and contamination levels of 0 to 3.3×10 -3 g/cm 2 . It is unknown if the equation is valid for contamination amounts and wavelengths outside these ranges. A model for power loss as a function of transmittance was modified so that mass flux, sticking fraction, and thruster firing time are the model inputs. The flow chart below in figure 5 shows the basic steps the model runs through to determine solar array power loss.
The user enters the input values, and the model generates a contamination mass per unit area. By applying the contamination mass per unit area value over the wavelengths that make up the solar spectrum, transmittance values can be generated. These transmittance values are a function of wavelength and contaminant mass per unit area. Each transmittance value is then applied to the top, middle, and bottom cells of the solar array, and a power output is calculated. The power output is defined as the open circuit voltage multiplied by the short circuit current.
The model goes through this process twice; the first run of the model computes the power output as if there is no contamination. The second run of the model computes the power output resulting from the user inputted contamination data. Finally, the model compares the two power outputs and displays the percentage of power lost due to chemical contamination.
Thermal Loading
To assess the amount of thermal loading, the diagram of heat flux in figure 6 and a thermal model of Orion's SAWs 4 were used. The thermal model is a four-node model that takes into account the temperature gradients across a solar cell that result from differing areas of foam backing on the cells. The four nodes are pointed out in figure 7 . The mass, density, and thermo-physical properties of the individual layers of a solar cell are also taken into account. The model outputs the transient temperature across one solar cell. The full array can be generalized by the individual cell if all cells on the array have the same foam coverage. The model allows calculations to be made assuming the plume is incident on either the front or backside of the array. For the purposes of plume heating assessments, using this model is extremely straightforward. There are two user inputs that deal with thruster induced heating; one input is for the heat flux on the front side of the array, and the second input is for the flux on the backside of the array.
The heat values for each color contour in figure 6 were entered into the thermal model for both the front and backsides of the wings to determine both the maximum temperature reached by each contour and the amount of time the plume must be incident on the array to exceed the temperature limit.
Erosion
To assess the amount of solar array surface erosion, two main tools were used: a simple CAD model of the Orion service module and a publicly available Boeing model of solar array erosion for a 29-lb f Russian thruster.
The CAD model was created in Google SketchUp. This model was used to measure the angles and distances needed to utilize the Boeing erosion model. The Boeing model computes the percentage of solar array area damaged as a function of thrust output, MMH-HNO 3 droplet diameter and velocity, angle the droplets make to the normal of the solar array surface, angle from the plume centerline to the damaged point on the array, and range from the thruster to the damaged point on the array (ref. 9) . This model implements the velocity model presented in reference 5. Although the erosion model is for a 29-lb f Russian thruster, the 29-lb f thruster is similar to the 25-lb f thrusters used for Orion's RCS, thus the model should give accurate results. A graph of percent area damaged as a function of angle from the plume centerline and range from the thruster was generated using the Boeing model (see appendix D). The Boeing model makes several assumptions. First, the model does not take electrostatic discharge or anti-reflective coatings covering the solar arrays into account; it assumes the solar array surface has no coating. Second, the model assumes all droplets are traveling at their limiting velocities when they strike the SAWs. Third, the model assumes that all droplets strike normal to the solar array surface. These last two assumptions make the model very conservative, because in all likelihood the droplets will be striking the solar arrays at much slower velocities and at high angles of incidence. It is estimated that the model may be conservative by two to three orders of magnitude. 5 To calculate the percent area damaged, the SAW was divided into eighty-two sections as shown in figure 8. Each section was assigned an area number. The fraction of total area for each section was calculated by dividing the number of pixels in the section by the total number of pixels making up the SAW. The number of pixels in each section was found using GIMP, a computer graphics program. Both the distance from the nozzle exit to the midpoint of each section and the angle from the plume centerline to the boundary of each section nearest the plume were found using the CAD model. The range and angle values were used in conjunction with the Boeing graph in appendix D to find the percent damage in each section. For an example of this calculation, see appendix E.
Force Loading
To calculate the force loading on the SAWs, the impingement pressure diagram in figure 2 was used. Using the basic relationship between pressure, area, and force, the force incident on each color contour of the pressure diagram was calculated, and the pressure diagram was modified to show force values as can be seen in figure 9 . 
Results and Conclusions
Paschen Discharge
Nitrogen has the smallest Paschen minimum of all the species in the plume with a P*D value of 0.5 torr-cm and a breakdown voltage of 200 V. The highest P*D value calculated from plume impingement assessments using partial pressures was 9.9×10 -5 torr-cm and using total pressures was 3.1×10 -4 torr-cm. Based on this comparison of P*D values in appendix B and the Paschen curves in appendix A, it was found that even the highest incident pressures resulted in P*D values far to the left of the Paschen minimum for diatomic nitrogen, diatomic hydrogen, and carbon dioxide. It is reasonable to assume that the Paschen curves for water and carbon monoxide will have Paschen minimums near their RCS plume counterparts. Based on these observations, it is safe to assume there is no risk of Paschen discharge between the solar cell and the cover glass.
It is possible, however, that there may be a Paschen discharge between the solar array spars and the solar cells. Figure 10 points out a spar on the UltraFlex SAW. The spars are made of carbon fiber, an electrical conductor. They are attached to the spacecraft, thus they will be at the spacecraft's potential. A quick assessment assuming the absence of a magnetic field and a distance value of 1.5 m (largest distance between cells and spar on a 5 m wing) yields P*D values in the area of Paschen minimums for all species in the thruster plume. The possibility for spar to solar cell discharge should be assessed in better detail to ascertain whether a Paschen discharge is possible on the solar array. It should be noted that both assessments take into account that there are two RCS thruster pod clusters aimed in the direction of the SAW. 
Chemical Contamination
After entering mass fluxes, sticking fraction, and thruster firing time into the chemical contamination power loss model, it was found that there is a 0.0013 percent loss of power from Orion's solar arrays due to chemical contamination. This does not take into account power loss resulting from an increase in temperature on the solar array surface due to the contamination layer absorbing incident heat. Chemical contamination does not pose a serious threat to Orion's power system. This assessment takes into account that there are two RCS thruster pod clusters oriented in the direction of the SAW.
Thermal Loading
The heat flux values for each color contour in figure 6 were input into the thermal model. The data in tables 2 and 3 summarize the output of the model for front and backside impingement. The values highlighted in red exceed the solar arrays' temperature limit of 160 °C. The final temperature is calculated after 180 sec of continuous thruster firing.
The thermal model outputs show that when one thruster is incident on the array, thermal loading may be a problem for the front side of Orion's solar arrays but not the backside. The length of time the RCS thrusters are fired will determine whether thermal loading will damage the solar arrays. Any wing thermal loading problems will be ameliorated through refined analysis, wing design changes and/or operational measures such as wing keep out zones or thruster continuous on-time limits.
It should be noted that the thermal loading diagram in figure 6 only shows the heat flux from one thruster pod cluster. A mirror image of thermal loading will appear on the other half of the solar array, and in some cases, the incident heat fluxes will stack upon one another. To quickly assess the stacking effect, the heat flux values incident on each color contour of figure 6 were doubled and input into the model. In this conservative case, wing temperature limits were exceeded on both the front and backsides of the arrays. 
Erosion
By using Boeing's erosion model in appendix D and a simple CAD model of Orion, the percent area damaged by plume impingement was calculated to be 8.3×10 -5 percent. This value is likely high because the Boeing erosion model is conservative by two to three orders of magnitude. Keeping in mind that there is a 3 percent loss of power if 100 percent of the solar array is damaged, there will only be a 2.5×10 -6 percent loss in power associated with the 8.3×10
-5 percent area damaged. It is very unlikely that erosion will be a problem for Orion's SAWs. This assessment takes into account that there are two RCS thruster pod clusters aimed in the direction of the SAW.
Force Loading
By using the generated force-loading diagram in figure 9 , moments in the x and y directions were calculated. The "center of force" of each color contour was estimated, and the moment arm from each "center of force" to the boom (represented by the origin of the coordinate axes drawn) was found in the x and y directions. These moment arms were then multiplied by the force applied to each color contour to find the moment. The results are presented in table 4. It should be noted that these moment values are estimations. Because of the orientation of Orion in the force-loading diagram, it was difficult to take moment arm measurements. These moments are negligible when compared to the 1-g loads experienced during ground testing and the 2-g to 3-g inertial deployed loads during the trans-lunar injection burn. Therefore, force loading is not a problem for Orion's SAWs. This assessment takes into account the fact that there are two RCS thruster pod clusters aimed in the direction of the SAW.
Concluding Remarks
Based on the simple engineering assessments presented, RCS thruster plume impingement may only be a problem for thermal loading and Paschen discharge. If the thrusters fire for too long, temperature limits on the SAWs will be exceeded. An in-depth analysis is needed to determine if there is a possibility for spar to solar cell Paschen discharge; preliminary estimates suggest it may be a problem. Chemical contamination and surface erosion were the only other areas that showed any evidence of potential plume impingement problems, and the power losses associated with both were well below Orion's assumed plume impingement induced power loss budget of 2 percent. Additionally, all assessments were made for the worst case orientation of the SAWs (wings angled 45° aft); in reality, the wings will not always be in this orientation when the thrusters fire, so plume impingement effects will likely be less than what is predicted in this report. 
